Under coastal or marine conditions, chloride erosion is the major accelerating factor of reinforcement corrosion. Therefore, it is of vital importance to investigate the chloride diffusion model. Research reveals that the concrete stress state has great influence on chloride diffusion; therefore a stress influence coefficient was incorporated in chloride diffusion coefficient model by many researchers. By referring to the experimental data from eight different researchers, the law between stress influence coefficient and concrete stress ratio is studied in detail, and equations relating the stress influence coefficient with the concrete stress ratio are established. Compared with three typical existing groups of equations, it is found that the proposed equations give the most accurate estimation of the stress influence coefficient. Hence, the proposed equations can be adopted to improve the valuation of chloride diffusion coefficient, and a modified chloride diffusion model is put forward. Three groups of experimental data are used to validate the modified chloride diffusion model, which is shown to be reasonable and having high prediction accuracy.
Introduction
Under the aggressive conditions of coastal or marine environment, chloride erosion is the main accelerating factor to aggravate the corrosion of steel reinforcement Álava et al. 2016) . Due to the fact that reinforcement corrosion is one of the most critical problems that impair the durability of concrete structures (Zhou et al. 2015; Zhang, Zhao 2016) , it is important to study the behaviour of chloride migration so that more appropriate mitigation measures could be devised. Because the chloride ion penetrates into the internal part of concrete mainly in the manner of diffusion, the chloride diffusion model has been investigated by many researchers (e.g. Zhang, Gjørv 1996; Zhou 2014 Zhou , 2016 .
It is noted that most of the studies on chloride diffusion pertain to reinforced concrete in an unstressed state. Concrete structures in service, however, are generally in a stressed state. Previous research had indicated that the chloride ion penetration process in concrete in the stressed state differs from that of unstressed concrete (e.g. He 2004; Li et al. 2011 Li et al. , 2014 . He (2004) , Wang et al. (2011) , Li et al. (2011) and Fu et al. (2016) confirmed that the chloride ions penetrated more quickly into concrete under tensile stress state than concrete under zero-stress state, and the rate of chloride ion penetration was slowest in concrete under compressive stress state. A possible explanation for these phenomena would be the compressive stress may reduce the porosity of concrete by closing some microcracks or capillaries that exist in the direction of diffusion. On the contrary, tensile stress can damage the aggregate-paste interface which causes increase in the porosity of concrete (Jin et al. 2015; Xu, Li 2017) .
In order to consider the influence of concrete stress state on chloride diffusion, some researchers incorporated a stress influence coefficient in the chloride diffusion coefficient model (e.g. Wang et al. 2011 Wang et al. , 2014 Wang et al. , 2016 , and the stress influence coefficient d was expressed as a function of concrete stress ratio σ c(t) / f c(t) (σ c(t) denotes the concrete stress and f c(t) denotes the concrete compressive or tensile strength dependent on whether σ c(t) is compressive or tensile). However, because of the limited and discrete experimental data, only a few research works had addressed the influence of concrete stress state on chloride diffusion satisfactorily. Huang (2007) , Zhang (2001) and Li et al. (2011) studied the relationship between stress influence co-efficient and concrete stress σ c(t) experimentally and performed curve fitting of the experimental data. Considering the fact that different grades of concrete have different tensile and compressive strengths, the same stress in concrete might equate to different proportions of tensile and compressive strengths of concrete of different grades. Therefore, for different grades of concrete, the influences of the same stress on chloride diffusion would be different. As a result, the laws relating the stress influence coefficient with the concrete stress are dependent on the concrete grade. With the aim to devise the stress influence coefficient equations suitable for different concrete grades, the authors collect experimental data in the literature (Zhang 2001; Shui 2005; Huang 2007; Kim et al. 2010; Li et al. 2011 Li et al. , 2014 Sun et al. 2011; Jin et al. 2011) to further investigate the relationship between stress influence coefficient and concrete stress ratio, the relevant equations are proposed and a modified chloride diffusion model is obtained in this paper. At last, three groups of experimental data are used to validate the modified chloride diffusion model.
Chloride diffusion model
The Fick's second law of diffusion is commonly applied to quantify the chloride penetration under coastal or marine conditions (Costa, Appleton 1999; Ababneh et al. 2003) , and it is given by the following expression:
where C -chloride concentration in concrete at depth x and exposure time t; D -chloride diffusion coefficient. The mathematical solution to Eqn (1) for a semiinfinite concrete with a constant surface concentration C s , chloride diffusion coefficient D, an initial chloride concentration C 0 , and the depth of convection zone Δx was provided by Fib Bulletin 34 (2006), as shown in Eqn (2) (Meira et al. 2010; Zhou 2014): ( )
where C x,t -total content of chlorides at depth x and exposure time t, %; C 0 -initial chloride concentration in concrete, %; C s -surface chloride concentration, %; Δx -convection zone depth, m; and erf is the error function. The surface chloride concentration C s is not constant in many cases but has a surface chloride building-up process, which has been observed mostly in two patterns. The first one is a linear pattern of surface chloride buildup (Mustafa, Yusof 1994; Costa, Appleton 1999; Meira et al. 2010; Zhou 2014) , especially for the concrete exposed to airborne chloride, deicing salt and spray conditions. The second one is a square root build-up (Shin, Kim 2002; Kato et al. 2005) , especially for the wet and dry cycles condition.
For the linear pattern of surface chloride build-up, the relationship between C s and exposure time t can be expressed as (Zhou 2014) :
where k -constant for increased rate of surface chloride content, %/s. The length of this surface chloride build-up period depends on the exposure environments. A longer period is expected for airborne chloride and deicing salt conditions and a shorter time for tidal, spray, splashing, and other related conditions. Equation (2) is only suitable for a constant diffusivity. The chloride diffusion coefficient has been found to decrease with time for at least a period of time from the beginning of exposure due to the continuous cement hydration and the consequent densification of microstructure of concrete (Stanish, Thomas 2003; Tang, Gulikers 2007) , and the diffusivity-decreasing process is expected to stop when the cement hydration completes after a certain period. The length of such period given by Ehlen et al. (2009 ), Life-365 (2012 and Ehlen and Kojundic (2014) is 25 years. The relationship between chloride diffusion coefficient and time can be expressed by Eqn (4):
where D a -chloride diffusion coefficient at the age of t a ; D r -reference chloride diffusion coefficient tested at the age of t r ; m -age factor, which can be obtained from Ehlen et al. (2009 ), Life-365 (2012 and Ehlen and Kojundic (2014) . When the chloride diffusion coefficient is constant, initial chloride concentration is zero and consider a linear pattern of surface chloride build-up, the chloride diffusion can be described using Eqn (5) (Crank 1975 
in which erfc is the complement error function.
To consider an initial chloride concentration C 0 , a convection zone depth Δx and a decreasing chloride diffusion coefficient, Eqn (5) can be rewritten to Eqn (6). This process is also called the first period of chloride diffusion, and the length of this period is around 10 years for marine splashing zone, and 15 years or longer for atmosphere in coastal area (Ehlen et al. 2009; Ehlen, Kojundic 2014; Zhou 2014 ).
where C x,te -total content of chlorides at depth x and exposure time t e , %; t e -duration of exposure time, s; t a0 -age of concrete at the start of exposure, s. The subsequent two exposure periods proposed by Zhou (2014) with a constant surface chloride concentration together with either a decreasing chloride diffusion coefficient or a constant one are not discussed in this paper.
Establishing equations for stress influence coefficient
Although the ingress of chloride into concrete is primarily dominated by diffusion, the concrete stress state can affect this process by modifying the microstructure of concrete. Concrete structures may be subjected to various loading conditions under service conditions. Therefore, to predict the chloride ingress into real structures under service conditions, the effects of different concrete stress states on the chloride transport should be considered.
To account for the influence of concrete stress state on chloride diffusion, a stress influence coefficient can be incorporated in Eqn (4), as expressed in Eqn (7):
where D s -chloride diffusion coefficient under concrete stress state at the age of t a , m 2 /s; D a -chloride diffusion coefficient under zero-stress state at the age of t a , m 2 /s; D r -reference chloride diffusion coefficient of concrete at the age of test or measurement t r under zero-stress state, m 2 /s; K ks -stress influence coefficient, which indicates the influence of concrete stress state on chloride diffusion. Eqn (7) can also be written as:
With respect to Eqn (8), the equations of stress influence coefficient can be obtained if the chloride diffusion coefficients at given concrete stress state and zero-stress state are known. To conduct numerical analysis, it is assumed that K ks has no coupling with other factors such as time and water/cement ratio of concrete (corresponding assumptions are also contained in vast literature, such as Gowripalan et al. 2000; Wang et al. 2011; Rahman et al. 2012) . In other words, K ks is only a function of the concrete stress ratio δ (δ = σ c(t) / f c(t) ).
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In the following, reference is made to experimental data in the literature, as summarised in Tables 1 to 8 (f t and δ T are respectively the concrete tensile strength and tensile stress ratio; and f c and δ C are respectively the concrete compressive strength and compressive stress ratio).
These data are utilised to study the relationship between stress influence coefficient and concrete stress ratio.
The relationships between K ks and concrete tensile and compressive stress ratios are plotted in Figures 1  and 2 , respectively. It can be seen from the figures that the stress influence coefficient has approximately linear relationship with the concrete tensile stress ratio, while the relationship between the stress influence coefficient and the concrete compressive stress ratio can be approximately described by a quadratic function. The relation- ship between K ks and concrete tensile and compressive stress ratios can be mathematically established by means of regression analysis, as given by Eqn (9a) (coefficient of correlation R 2 = 0.992) and Eqn (9b) (coefficient of correlation R 2 = 0.987) respectively. In Eqn (9a), the value of δ T is limited to 1.0. Considering that the longterm compressive strength of concrete structures under sustained load is generally taken as 0.80f c , in Eqn (9b), δ C should not be greater than 0.8.
Under tension: 1.0 0.45
Under compression: 2 1.0 0.88 Figure 1 shows that K ks increases monotonically with δ T . Figure 2 shows that K ks has a minimum value. The K ks decreases with increasing δ C when compressive stress ratio is lower than a certain value, and increases with increasing δ C when compressive stress ratio is higher than that value. This is because transverse deformation and micro-cracks due to compression damage accelerate the penetration of chloride ions. In Eqn (9b), K ks attains the minimum value of 0.81 when δ C is equal to 0.44.
Evaluating the proposed equations
To evaluate the accuracy of the proposed equations, Eqn (9a) and Eqn (9b) are statistically compared with other three typical existing groups of equations Wang 2012 ) in terms of deviation. 
Under compression: 1 0.28
The deviation is the difference between the computed results of stress influence coefficient (denoted by c ks K ) and the experimentally obtained stress influence coefficient (denoted by t ks K ). A smaller absolute value of deviation indicates a higher accuracy of the equations.
As shown in Figure 3 , with the increase of the concrete tensile stress ratio, the deviations of Eqn (9a) to -0.202, 0.297, -0.251 and -0.262 , and the mean values of deviations are respectively 0.001, 0.036, -0.057 and -0.042. Therefore, the results of deviations suggest that Eqn (9a) is the most accurate, followed by Eqn (10a), while Eqn (11a) is the least accurate.
As shown in Figure 4 , with the increase of the concrete compressive stress ratio, the deviations of Eqn (9b) to Eqn (12b) are all fluctuating around 0. The fluctuation of Eqn (9b) is the smallest, with the maximum deviation and the mean values of deviations of 0.180 and 0.015, respectively. In contrast, the maximum deviations of Eqn (10b) to Eqn (12b) are respectively 0.316, 0.340 and 0.247, and the mean values of deviations are respectively -0.083, 0.030 and 0.046. The results of deviations suggest that Eqn (9b) is the most accurate, followed by Eqn (11b), while Eqn (10b) is the least accurate.
From the above, it can be seen that the proposed equations have the highest prediction accuracy in comparison with the typical existing equations.
The modified chloride diffusion model
Equation (6) can be rearranged to yield the general equation as given by Eqn (13), based on Eqn (7) to consider the effect of concrete stress state in term of the stress influence coefficient K ks . When concrete is subjected to tensile stress or compressive stress, the value of K ks can be determined by Eqn (9a) or Eqn (9b), respectively. Eqn (13) can be taken as the governing equation of the modified chloride diffusion model: 
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The modified chloride diffusion model can be used to predict the chloride concentration profiles that result from the chloride diffusion process under different concrete stress states in the first exposure period. It is noted that the proposed equations of K ks can also be used in the subsequent exposure periods with a constant surface chloride concentration and either a decreasing chloride diffusion coefficient or a constant chloride diffusion coefficient.
Model validation
In this section, the experimental data from He (2004) , Wang (2012) and Wang et al. (2014) are used for validating the modified chloride diffusion model.
The specimens tested by He (2004) were concrete beams of size 100 mm×100 mm×400 mm. Three factors were varied in the test, namely the water/cement ratio, load level and freeze-thaw cycle. During the loading test, three load levels corresponding to 0, 0.3 and 0.6 times the flexural strength of members were applied. At the same time, all concrete specimens were immersed in 3.5% sodium chloride solution. After 30, 70, 120 and 200 days of exposure to the sodium chloride solution, the chloride contents at different depths (0-3, 3-6, 6-9, 9-12, 12-15, and 15-20 mm) from the exposed surface were determined.
The surface chloride concentrations from the specimens under zero load level at the convection zone depth (3 mm) up to 200 days had a linear increase of surface chloride concentration, as given in Figure 5 . The correlation coefficient R 2 is 0.984, indicating a very good correlation between the experimental data and the regression equation. The best-fit curves for the experimental data at various ages can be obtained by varying the combinations of the input age factor and chloride diffusion coefficient. For unstressed specimens, the age factor is 0.32 and the chloride diffusion coefficient at 28 days is 7.12×10 -12 m 2 /s. At the convection zone depth (3 mm), the experimental data are excluded. In Figure 6 , the experimental data from specimens tested under 0.6 times tensile strength are compared with the computed results from Eqn (13). As computed from Eqn (9a), when δ T is 0.6, K ks is equal to 1.27. The R 2 value ranges from 0.904 to 0.964. Overall, the correlation between the modified chloride diffusion model and the experimental data is good. Wang et al. (2014) obtained the chloride profiles of specimens produced from ordinary Portland cement (P.O. 42.5) concrete at a water/cement ratio of 0.38. The concrete specimens were placed in tidal zone and salt spray zone, respectively. Sodium chloride solution used in salt spray tests was made by dissolving sodium chloride in distilled water, and the mass fraction was 5%. In salt spray tests, the concrete specimens were divided into four groups (five specimens per group) according to the required period of test (35, 70, 120 and 180 days) . In each group, three load levels corresponding to 0, 0.3 and 0.5 times the flexural strength of member were applied. After 35, 70, 120 and 180 days of exposure to the chloride environment, the chloride contents in each concrete specimen at different depths (0-5, 5-10, 10-15, 15-20, 20-25, and 25-30 mm) from the exposed surface were determined.
The experimentally obtained data of surface chloride concentrations of unstressed specimens at the convection zone depth pared with the computed results from Eqn (13), as depicted in Figure 9 . From Eqn (9b), K ks is equal to 0.826. It can be seen from Figures 8 and 9 that the computed results from Eqn (13) are very close to the experimental data. The R 2 value ranges from 0.907 to 0.997, indicating very good correlation between the modified chloride diffusion model and the experimental data.
The concrete specimens tested by Wang (2012) were of size 100×100×400 mm and were divided into three categories, the first was compressive specimens with δ C = 0.1, 0.2 and 0.3, the second was tensile specimens with δ T = 0.3, 0.5 and 0.7, and the third was zero-stress specimens. Half of the total amounts of specimens were steam cured while the remaining half was cured under room temperature.
During testing, the concrete specimens were covered with sponge, except in the 50 mm distance from both ends of specimens. Chloride salt solution in 5% concentration was sprinkled on the sponge three times per day. After 56, 112, 168 and 224 days of exposure to the chloride environment, the chloride contents at different depths (0-5, 5-15, 15-25, 25-35, 35-45, and 45-55 mm) from the exposed surface were determined. The surface chloride concentrations from zero-stress specimens at the convection zone depth (5 mm) up to 224 days demonstrated an approximately linearly increasing trend, as shown in Figure 10 . The R 2 value is 0.992, indicating a very good correlation between the experimental result and the regression equation. The best-fit curves for the experimental data at various ages are obtained by varying the combinations of the input age factor and chloride diffusion coefficient. For the zero-stress specimens, the respective values are m = 0.25 and D 28 = 5.32×10 -12 m 2 /s. At the convection zone depth (5 mm), the experimental data are excluded. The experimental data from concrete specimens tested at δ T = 0.5 are compared with the computed results from Eqn (13), as presented in Figure 11 . From Eqn (9a), K ks is equal to 1.225. The experimental data from concrete specimens tested at δ C = 0.2 are compared with the computed results from Eqn (13), as pre- Figure 12 . From Eqn (9b), K ks is equal to 0.864. In Figures 11 and 12 , the R 2 value ranges from 0.985 to 0.997. The correlation between the modified chloride diffusion model and the experimental data is considered to be very good.
Overall, the results of the above validation show that the modified chloride diffusion model is accurate for predicting the chloride concentration profiles that result from the chloride diffusion process under different concrete stress states in the first exposure period. More data from experimental testing and field measurements for validating the new model are desirable.
Conclusions
In this paper, the influence of concrete stress states on chloride diffusion has been investigated with reference to collected experimental data in the literature. A modified chloride diffusion model has been proposed. From the analysis performed in this study, the following conclusions can be drawn:
1. The research has indicated that the stress influence coefficient has approximately linear relationship with the concrete tensile stress ratio, whereas the relationship between the stress influence coefficient and concrete compressive stress ratio is approximately a quadratic function. The stress influence coefficient increases with increasing concrete tensile stress ratio, while it first decreases and then increases with increasing concrete compressive stress ratio. By means of regression analysis, equations of stress influence coefficient have been established.
2. To evaluate the accuracy of the proposed equations in this paper, they have been statistically compared with another three typical existing groups of equations in terms of the deviation. It is found that the proposed equations give the most accurate estimation of stress influence coefficient in comparison with the existing equations. Hence, the equations from the present research can be adopted to improve the valuation of chloride diffusion coefficient, and a modified chloride diffusion model has been put forward.
3. Three groups of experimental data have been used to validate the modified chloride diffusion model, and the results have shown that the modified chloride diffusion model is reasonable and has high prediction accuracy. Therefore, the modified chloride diffusion model can be used to predict the chloride diffusion process under different concrete stress states in the first exposure period. Nevertheless, the authors opine that the modified chloride diffusion model should be confirmed with more data obtained from experiment and field measurements. Moreover, further research regarding the possible influence of factors such as concrete mix design and environmental conditions on the stress influence coefficient is recommended. 
